Tissue hypoxia leads to activation of endogenous adaptive responses that involve a family of prolyl hydroxylase domain proteins (PHD1-3) with oxygen sensing properties, hypoxia inducible transcription factors (HIFs), and cytoprotective HIF target genes such as erythropoietin (EPO) and vascular endothelial growth factor (VEGF). The hypoxic induction of these genes is regulated by oxygen-dependent hydroxylation of HIF␣ subunits by PHDs, which signals their proteasomal degradation. In this study, mice of different age were exposed to hypoxia or subjected to cerebral ischemia after hypoxic pre-conditioning. We found an impaired hypoxic response in the brain, characterized by elevated levels and impaired downregulation of PHD1. Furthermore, an attenuated hypoxic activation of VEGF and EPO, as well as of other HIF-target genes such glucose transporter-1 and carbonic anhydrase 9 was found in senescent brain. Finally, we observed a loss of the protective effect of hypoxic pre-conditioning on subsequent cerebral ischemia with increasing age. Thus, the impaired hypoxic adaptation, resulting in compromised hypoxic activation of neuroprotective factors, could contribute to neurodegenerative processes with increasing age, and might have implications for treating age-related disorders.
Introduction
Perturbation of cellular oxygen availability leads to the activation of endogenous adaptive mechanisms. Upon hypoxia/ischemia, several cytoprotective factors such as vascular endothelial growth factor (VEGF) and erythropoietin (EPO) are induced (Goldberg and Schneider, 1994) . In addition, many other genes are activated during hypoxia, among them glucose transporter-1 (GLUT1) and carbonic anhydrase 9 (CA-IX). Both genes are frequently used as markers for a hypoxic response (Stiehl et al., 2006) . The expression of these factors is under the influence of hypoxia inducible transcription factors (HIFs) (Wang and Semenza, 1995) . HIFs are heterodimers composed of an ␣ and a ␤ subunit. Three isoforms of the ␣ subunit exist, 1␣, 2␣, and 3␣ (Gu et al., 1998; Tian et al., 1997; Wang and Semenza, 1995) . Under normoxic conditions, the ␣ subunit is hydroxylated on specific proline residues leading to the binding of the von Hippel-Lindau (pVHL) protein E3 ubiquitin ligase and its subsequent proteasomal degradation (Ivan et al.,
Abbreviations: CA-IX, carbonic anhydrase 9; EPO, erythropoietin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLUT1, glucose transporter-1; HIF, hypoxia-inducible factor; MCAO, middle cerebral artery occlusion; PHD, prolyl hydroxylase domain protein; RPS12, ribosomal protein S12; TBP, TATA binding protein; VEGF, vascular endothelial growth factor. 2001; Jaakkola et al., 2001) . This prolyl hydroxylation is mediated by a family of proteins called prolyl hydroxylase domain proteins (PHDs), which require molecular oxygen for the hydroxylation reaction (Bruick and McKnight, 2001; Epstein et al., 2001) . Under hypoxic conditions, where oxygen is limited, PHD is inactive, no prolyl hydroxylation occurs, and thus HIF-␣ is stabilized leading to transcription of HIF target genes (Kaelin and Ratcliffe, 2008) . Three PHD family members have been identified (PHD1-3) (Bruick and McKnight, 2001; Epstein et al., 2001) which are differentially expressed. While PHD2 is ubiquitously expressed, PHD1 is expressed mainly in the testis, and PHD3 mainly in the heart (Willam et al., 2006) . Interestingly, whereas PHD1 is constitutively expressed, PHD2 and PHD3 expression is induced by hypoxia itself, indicative of a negative feedback mechanism (Aprelikova et al., 2004; Willam et al., 2006) . The PHDs also have different substrate specificity. In vitro studies suggest PHD2 preference towards HIF-1␣, while PHD3 seems to be more active towards HIF-2␣ (Appelhoff et al., 2004) . The HIF-1␣ abundance in different organs is not only dependent on the PHD isoform present, but also shows organ specific variations. Although hypoxia-induced HIF-1␣ stabilization/activation occurs in all organs, the degree of organ-specific stabilization varies in vivo. In the kidney, peak levels of HIF-1␣ are reached after 1 h of systemic hypoxia and return to basal levels 4 h thereafter. In contrast, peak HIF-1␣ levels in the brain are reached only after 5 h and remain elevated for at least 12 h (Stroka et al., 2001) .
Evidence exists that the endogenous adaptive response to hypoxia is impaired during the aging process (Rivard et al., 1999;  
